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ABSTRACT 
Analysis of sexual assault evidence in a forensic laboratory setting requires 
accurate analysis of deoxyribonucleic acid (DNA) utilizing forensic DNA typing. This 
process can be complicated since most sexual assault samples are comprised of DNA 
from a female contributor as well as one or more male contributors. Generally female 
epithelial cells (e-cells) are in excess, making it more difficult to determine the short 
tandem repeat (STR) profile of the male contributor from the significantly fewer sperm 
cells present in the mixture. This complexity requires that the two contributing sources of 
DNA be separated in order to obtain a probative single source profile. Separation of the 
two fractions is accomplished by differential extraction. 
The most common protocol for a differential extraction involves preferentially 
lysing epithelial cells while leaving the sperm cells intact, separating the released female 
DNA from the sperm cells and finally lysing the sperm cells to obtain the sperm fraction. 
Research has shown that a Trypsin-ZyGEM extraction method produces higher yields of 
DNA compared to the standard differential extraction method. A previous study 
examined whether substrate type had an effect on the efficiency of the Trypsin-ZyGEM 
extraction. It was found that the Trypsin-ZyGEM protocol worked well at extracting 
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DNA from aqueous semen, dried semen in a microfuge tube and semen dried on white 
cotton. However, results were inconclusive on the method’s ability to extract DNA from 
semen dried on denim fabric due to inhibition of the quantitative polymerase chain 
reaction (qPCR) used to quantify the samples. In this study, a subset of the denim 
samples was amplified and processed through capillary electrophoresis to verify that the 
extraction protocol had successfully recovered DNA from this substrate type and that the 
DNA could be amplified to create a STR profile. Full profiles were obtained for all three 
of the denim samples that were amplified to a target mass of 1 nanogram (ng). One full 
profile and two partial profiles were obtained for the same samples at a target mass of 
0.25ng. Allelic dropout for the partial profiles varied with one profile having 3 alleles 
dropout while the other had 11 dropout. Peak heights and peak height ratios were more 
variable compared to the other substrate types but were still within an acceptable range 
for probative profiles.  The results are promising and suggest that the Trypsin-ZyGEM 
protocol could possibly replace the current differential extraction technique. Further 
research is required to understand if this extraction protocol would be efficient on these 
substrate types with mixture samples of semen and e-cells. 
This research also builds upon the exploration of the effectiveness of the Trypsin-
ZyGEM extraction on dried and aqueous semen samples compared to a modified Qiagen 
differential extraction. Samples that had been previously quantified were amplified and 
separated by size using capillary electrophoresis. Peak heights and peak height ratios 
(PHR) from the STR profiles were examined to assess profile quality of samples 
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extracted using the Trypsin-ZyGEM protocol and the Qiagen protocol. Peak heights and 
peak height ratios (PHR) were found to be consistent between the two methods.  
viii 
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 In forensic casework, the accurate analysis of deoxyribonucleic acid (DNA) is 
crucial in cases involving sexual assault evidence. The goal in processing these types of 
samples is to successfully determine the DNA profile of the male contributor, the 
perpetrator of the sexual assault in the vast majority of cases. This can be a challenge 
when dealing with sexual assault samples since most samples consist of a mixture of 
female epithelial cells (e-cells) as well as male sperm cells, with the e-cells in excess. To 
successfully obtain a DNA profile, the processing of these samples must effectively 
separate the sperm cells from the abundance of e-cells present. Separation of these cells is 
dependent on a multitude of factors including sample collection and storage conditions, 
the physical condition of the sample, substrate composition, time elapsed between the 
assault and the collection of the sample, as well as the DNA extraction conditions used.1,2 
It is also important to understand how these varying conditions can affect downstream 
profile quality. Therefore, the determination of the best extraction conditions to separate 
the male DNA from the female e-cells and to obtain the greatest yield of male DNA 
while maintaining high quality of profiles downstream is of the utmost importance in the 
analysis of sexual assault samples. 
1.1 Analysis of Samples Utilizing Short Tandem Repeat Regions 
Forensic DNA analysis changed drastically after the development of the 
polymerase chain reaction (PCR), specifically its consistent ability to amplify short 
tandem repeats (STRs). A short tandem repeat, or microsatellite, is a region of DNA that 
is made up of a repeating sequence of nucleotides that can vary in length from between 
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two to seven nucleotides but is generally constant for any given STR locus.3 The number 
of repeats at each of these STR loci regions is variable within the population, which 
makes them an ideal tool for use in identification methods. With their discovered 
importance, it was necessary for the forensic community to narrow down a core set of 
STRs, or genetic markers, that would be examined and chosen as the standard markers of 
interest. Currently, thirteen markers are used for identification purposes by the Federal 
Bureau of Investigation (FBI) and tracked in their database known as the Combined DNA 
Index System (CODIS).4 Commercially available kits used to amplify STRs include these 
thirteen markers along with varying additional markers.4 
Although markers may vary by kit, the general processing for STR analysis is 
consistent within the field. First, the DNA must be extracted from the sample of interest. 
Once extracted, it is necessary to quantify the amount of amplifiable DNA that was 
obtained from casework samples using quantitative real-time polymerase chain reaction 
(qPCR). Next, a chosen amount of DNA is amplified using the PCR to exponentially 
increase the number of copies for each STR locus of interest. Capillary electrophoresis is 
then utilized to separate these amplified regions by size. Data is presented in the form of 
an electropherogram and software that translates the size of each amplicon into the 
number of repeats present at each location of interest, or locus. Each locus then has an 
allele designated, indicating the number of repeats present at the locus. For a single 
source profile, generally there are up to two alleles present per locus, one inherited from 
each of the individual’s parents. This allele data can then be analyzed in conjunction with 
3 
population statistics to determine the frequency the profile would be expected to appear 
in the population.3,5,6 
Analysis of the data presented in these electropherograms can be complicated by 
many additional factors. Artifacts may be confused for true alleles or obscure the details 
of the profile in such a way that makes allele designation more complicated. Stutter and 
spectral pull-up can commonly be mistaken for true alleles but are generally fairly easy to 
identify and exclude from consideration in single source samples. Peak height imbalance 
or allelic dropout may cause the user to misjudge the minimum number of contributors in 
a sample, which will skew the statistical analysis. The effects of these artifacts are 
severely compounded when interpreting profiles from more than one contributor, making 
an accurate interpretation very challenging. 
As stated previously, sexual assault samples generally will contain DNA from 
both a female and male contributor. The interpretation of these samples is inherently 
complicated due to the increased difficulty in deciphering artifacts from true alleles as 
well as successfully obtaining a profile of the male contributor. Since the female DNA is 
generally in excess compared to the male DNA, the female profile can overshadow that 
of the male. This overshadowing would cause the peaks of the female profile to be 
significantly higher than those of the male, possibly causing the user to mistake the peaks 
of the male profile for artifacts or noise, skewing interpretation. This is caused by 
preferential amplification of the female DNA during amplification when it is the major 
component in the mixture.2 Since the profile of the male contributor is generally the 
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undetermined fraction of interest, the ability to separate the male DNA to eliminate this 
preferential amplification is crucial when analyzing sexual assault samples. 
1.2 Separation of Cellular Components 
 Many techniques have specifically been developed to enhance the separation of 
male and female DNA within a mixture. Generally, these techniques use the differences 
in cellular structure between the female e-cells and the male sperm cells to facilitate 
separation of the two cell types. Developments have also been made that take advantage 
of new technology to preferentially select specific cells. 
1.2.1 Differential Extraction 
 Currently, most laboratories follow the established differential extraction (DE), or 
preferential lysis, protocol published by Gill et al.7 This protocol takes advantage of the 
cellular structure differences between the e-cells and sperm cells and preferentially lyses 
them in two separate fractions. This is accomplished by first adding proteinase K (PK) 
and sodium dodecyl sulfate (SDS) to the sample. The PK and SDS will preferentially lyse 
open the epithelial cells and release their DNA into the solution. After being spun down 
in a centrifuge, the sperm cells remain intact and pelleted at the bottom of the tube while 
the epithelial DNA contained within the supernatant. The supernatant is transferred to a 
separate tube and referred to as the non-sperm fraction (NSF). The pelleted sperm are 
then resuspended and proteinase K, SDS and dithiothreitol (DTT) are added to the 
solution to lyse open the sperm cells and release the male DNA into solution. Both 
fractions can then be analyzed using STR analysis to obtain separate profiles for the non-
5 
sperm fraction and sperm fraction (SF). The detailed steps of this preferential lysis 
technique are depicted in Figure 1. 
 
Figure 1. Standard differential extraction procedural steps.3,7 The mixture sample is 
comprised of female e-cells and male sperm cells. The e-cells are preferentially lysed with the 
addition of ethylenediaminetetraacetic acid (EDTA), SDS and PK and incubated at 37 degrees 
Celsius (°C). The sample is then spun in a centrifuge, causing the intact sperm cells to pellet in 
the bottom of the tube, allowing for the separation of the sperm cells and the female DNA in the 
supernatant. The sperm cells are then lysed with the addition of EDTA, PK, SDS and DTT. 
 
 Laboratories have reliably used this method of differential extraction since it was 
first published. However, there are some downfalls to this procedure. Generally multiple 
wash steps are used to ensure that no epithelial DNA remains in the sperm fraction but 
these washes can lead to the unintentional loss of sperm. The transfer steps involved can 
also lead to DNA loss or an incomplete separation of the two fractions. Both findings are 
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problematic since the loss of DNA could lead to an incomplete profile and the incomplete 
separation could make a male contributor profile impossible to obtain. For these reasons, 
there have been modifications made to both lessen the loss of DNA and increase the 
overall yield obtained. 
1.2.2 Extraction Condition Modifications 
 Hennekens et. al. tested the effects of numerous components in the standard 
differential extraction procedure. They examined how varied concentrations of PK, 
varied concentrations of SDS, incubation times and incubation temperatures could 
influence the efficiency of the DE protocol. It was found that increased concentrations of 
PK and SDS from the original protocol did not significantly increase the concentration of 
male DNA in the SF. The increased concentrations also showed no significant increases 
in the premature lysis of the sperm in the NSF. They also observed that lysis was 
accomplished with incubation times as low as thirty minutes but that the sperm cells were 
not prematurely lysed if that incubation time was extended overnight. Incubation 
temperatures of 22 degrees Celsius (°C), 37°C, 42°C and 56°C were shown to be 
effective. The only condition found to exhibit premature lysis occurred with samples that 
had been dried prior to extraction. This finding was important since the conditions of the 
sample dictate that a modification to this protocol needs to be tested in order to 
accommodate a dried mixture of sperm and epithelial cells.1 
 Another study that delved into varying components of the original DE procedure 
was presented by Lounsbury et. al. Through their research, they developed a buffer 
containing 10 millimolar (mM) Tris(hydroxymethyl)aminomethane (Tris), 10mM 2-(N-
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morpholino)ethanesulfonic acid (MES) and 1% SDS to use in place of the traditional 
buffer components. The success of this buffer system was evaluated based on the percent 
sperm cell recovery obtained from their swabs. Determination of sperm cell recovery was 
completed using a hemocytometer to count the number of sperm cells present in the SF 
prior to extraction. Buffer pH, incubation times and incubation temperatures were also 
examined to determine which were optimal for sperm cell recovery. It was found that 
incubating at 42°C for thirty minutes using a buffer at pH 8.5 would yield the highest 
percent of sperm cells. These conditions were then compared to the traditional DE buffers 
and conditions and it was shown that this modified method produced an 89% recovery of 
sperm cells compared to only a 45% recovery rate for the traditional DE method.8  
1.3 Physical Separation Techniques 
1.3.1 Flow Cytometry 
 In some circumstances, the chemical separation of the cellular components is not 
an ideal method to obtain the SF of a sexual assault samples. When dealing with samples 
that have extremely low quantities of sperm or male DNA, it may be necessary to employ 
other methods to obtain the most DNA possible. To most efficiently work with these 
samples, Schoell et. al. proposed using flow cytometry as a method of isolating sperm 
cells and epithelial cells. This technique is based on differences in cell size and shape, 
surface phenotype, cytoplasm and ploidy of the epithelial and sperm cells.9 The antigen 
CD45 is present in epithelial cells and can be detected with a monoclonal antibody tagged 
with a fluorescent dye. With the epithelial cells labeled with a fluorescent dye, they can 
be sorted using a fluorescence based flow cytometer. Compared to the preferential lysis 
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procedure, flow cytometry was much more successful when the ratio of sperm to 
epithelial cells was decreased.9 
1.3.2 Laser Microdissection 
 Another method that is based on the physical separation of cells involves the use 
of the laser microdissection (LMD) microscope. This technology enables the user to 
physically select single cells of interest that have been mounted on specialized 
microscope slides. Since visualization of sperm samples on microscope slides is a 
common practice in forensic laboratories to confirm the presence of sperm prior to DNA 
testing, this technology could be an ideal fit into the DNA processing workflow. A LMD 
microscope utilizes a laser that can cut around cells of interest. These cells are then 
removed and collected directly in a tube that can be used for extraction and PCR 
testing.10  
 It is important to understand the limitations of this technology since its application 
is optimized for certain sample times. This method is most helpful when dealing with 
samples with an extremely low number of sperm cells. However, this requires adapting 
extraction protocols in such a way that enables the extraction of DNA from such a small 
number of cells. Vandewoestyne et. al. tested three different extraction protocols to 
evaluate if one was best suited for use with LMD: DNA IQ, short alkaline and PicoPure. 
The DNA IQ method produced about 21% of the expected DNA when 200 cells were 
obtained. The short alkaline method was determined to not be valid, since it showed 
evidence of allelic drop out in downstream analysis. The best extraction procedure tested 
was the PicoPure method which produced between 68-93% of the expected DNA for 
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samples that contained between 50 to 200 cells and was deemed suitable for extraction of 
samples obtained from LMD.11 
 It is also important to consider what kind of microscope slides will be used for 
this procedure. Most labs use staining to visualize sperm cells and epithelial cells on a 
microscope slide prior to any DNA testing. It’s important to understand if the staining 
will negatively affect the LMD or downstream extraction or PCR processes. Sanders et. 
al. examined a number of histological stains for their use with LMD and PCR. They 
found that Hematoxylin and Eosin staining and nuclear fast red and picroindigocarmine, 
or “Christmas tree” staining, were very effective at visualizing sperm cells. Methyl green 
and Wright’s stain provided poor visualization of the sperm cells and acridine orange was 
able to visualize the sperm but was difficult to use with fields consisting of larger 
concentrations of epithelial cells. This research also found that all staining techniques 
decreased the peak height ratios (PHRs) in downstream profiles.12 This is not ideal for 
analysis since the DNA obtained from LMD is already in very low quantities due to the 
low number of cells available. The work by Sanders et. al. and Vandewoestyne et. al. 
highlight the importance of understanding both the usefulness of the LMD technology as 
well as the ability to modify procedures to best implement it for casework. 
1.3.3 Aureka® Manipulation System 
 Another technique involving the physical manipulation of sperm cells was 
explored by Schneider et. al. Their research investigated the use of SPERM HY-
LITER™ (Independent Forensics, Lombard, IL) staining to locate sperm cells and the 
Aureka® manipulation system (Aura Optik, Jena, Germany) to physically separate them 
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from a mixture. The SPERM HY-LITER™ staining uses antibody-based fluorescence to 
stain the proteins located in the sperm head, which enables the technician to visualize the 
sperm even if the sperm morphology is no longer intact. Once the cells are stained, the 
Auerka® system uses a small gripper guided by a stereomicroscope to move microspheres 
to the stained cells of interest. The cells then adhere to the microsphere, which can be 
placed into a microcentrifuge tube for downstream processing.13  
This technique was shown to be successful in generating full STR profiles with 
samples containing as few as twenty sperm cells. The SPERM HY-LITER™ staining had 
no negative effects on PCR processing and could be used as an alternative to other 
staining methods that have been shown to inhibit PCR reactions. It is also interesting to 
note that the authors briefly mentioned that this system could be used on many different 
types of surfaces, indicating it may be developed further to retrieve sperm cells from 
different substrate types beyond microscope slides.13 
1.3.4 Microfluidic Isolation Techniques 
 The use of microfluidic devices to separate cell fractions has also been explored 
in recent research. Many authors have examined the use of these devices to allow the 
preferential flow of sperm cells through a microfluidic channel to separate them from the 
epithelial cells. Research presented by Horsman et. al. utilized a microchip to perform 
this separation. Their device was based on the assumption that epithelial cells would 
settle at the bottom of the microchip inlet reservoir prior to the settling of sperm cells due 
to their larger size. Once a mixture of sperm and e-cells were placed into the chip, a 
current was applied to cause the sperm cells to flow through the channel to a separate 
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reservoir. The sperm cells could then be collected from that reservoir, effectively 
separating them from the e-cells. Downstream PCR processing indicated that the sperm 
fraction had been contaminated with some female DNA but it was hypothesized that this 
was from e-cells that had already been lysed within the mixture prior to being added to 
the microchip.14  
Researchers Buoncristiani and Timken also experimented with a microfluidic chip 
to perform the separation of sperm and epithelial cells. They created a method that 
effectively separated the two fractions on the chip, as proven by their imaging. However, 
STR profiles obtained indicated some contamination between the two fractions with 
female DNA present in the male profile.15 Additional research involving these chips, 
although promising as a separation method, would need methods developed to reduce the 
contamination of female DNA in the sperm fraction as well as decrease sperm cell loss. 
1.4 Consideration for Casework Implementation 
 With all of this emerging technology and research into novel differential 
extraction techniques, it is crucial that forensic laboratories choose the best method to use 
as their standard operating procedure. The method should ideally isolate the epithelial 
cells and sperm cells into two separate fractions, with little to no contamination, and with 
minimal loss of DNA. The cost, training and instrumentation required for each method 
should also be considered before implementation. Varied sample collection substrates 
may also influence what protocol is most efficient in increasing the DNA elution from the 
substrate with the least amount of inhibition from the inherent substrate particles.  
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1.4.1 Common Extraction Techniques 
 Organic extractions, also known as phenol/chloroform extractions, have been a 
common extraction procedure used by laboratories. This procedure involves adding SDS 
and PK to the sample in order to lyse the cells, which releases the DNA into solution. A 
phenol/chloroform mixture is then added to the sample. Proteins are stabilized at the 
interface of the aqueous and organic layers and the DNA will be in solution in the 
aqueous layer. The aqueous layer can then be removed and concentrated for further DNA 
analysis.3 Vandenberg et. al. demonstrated that this extraction procedure produced high 
yields of DNA and was amenable to amplification using STR typing.16 Although this 
technique will produce quality DNA that can be used for STR analysis, it has numerous 
wash and transfer steps that could lead to a much lower quantity of DNA obtained. 
 Another extraction technique that is commonly used is the Chelex® extraction. A 
solution of 5% Chelex® resin (Bio-Rad Laboratories, Hercules, CA) is added to the 
sample and incubated at high temperatures. The Chelex® resin is composed of styrene 
divinylbenzene copolymers and iminodiacetate ions which keeps the DNA from being 
degraded by metals in solution, such as magnesium.17 After incubation, the supernatant 
can be used for DNA testing. Unlike the organic extraction, the lack of transfers increases 
the amount of DNA obtained. However, even though this technique generally produces 
high quantities of DNA, the quality is not necessarily as good as what is obtained from 
organic extractions. The lack of washes does not remove any impurities from the 
reaction, which could complicate downstream testing. 
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 A Qiagen extraction is also commonly used in forensic laboratories utilizing the 
Qiagen QIAamp® DNA Investigator Kit (Qiagen, Hilden, Germany). Cells are lysed with 
PK and the DNA is released into solution. Next, a solid phase extraction is performed 
where the sample solution is transferred into a spin column containing a silica membrane 
that binds DNA. Wash steps are performed to remove any impurities or contaminants 
present in the sample. Finally, the DNA is eluted from the membrane into a new tube that 
is utilized for DNA testing.18 This technique is amendable to DNA testing and provides 
both high quantity and quality of DNA making it an ideal extraction method for forensic 
laboratories. 
1.5 Novel Extraction Technique 
1.5.1 Sperm Cell Structure 
 At the beginning of spermiogenesis, DNA in sperm cells is packaged into 
nucleosome complexes of histones H2A, H2B, H3 and H4.19 In later stages of 
spermiogenesis, this packaging structure changes such that the DNA is repackaged with 
protamines P1, P2a and P2b, rather than histones. This allows the DNA to be tightly 
compacted within the sperm nucleus and decreases its size dramatically compared to 
other cells.20 McKay et. al. determined the sequence length and composition of P1, P2a 
and P2b.21,22 All three protamines were found to be rich in arginine and lysine residues. 
Cysteines were also present in these protamines, which are capable of forming disulfide 
bonds.19 These findings are extremely important in understanding the presence of 
disulfide bonds in sperm cell DNA as well as in developing the best extraction methods 
to break open the protamine structure protecting the sperm cell DNA. 
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1.5.2 Enzymes of Interest 
 Research has been conducted to explore other enzymes that could be used in 
forensic extraction procedures, especially for differential extraction. One proteinase of 
interest, EA1, was isolated from the thermophilic Bacillus species.23,24 The thermal 
profile of this enzyme is considered to be ideal for extraction procedures since it is 
activated at 75 °C and denatured at temperatures above 90°C. This high activation 
temperature allows for the DNA to be released from the cells while nucleases present in 
solution are rendered inactive, minimizing the degradation of the DNA.23,25 Also, it has 
been shown that EA1 is easily inactivated at temperatures above 90°C, unlike other 
enzymes such as PK which have shown evidence of some resistance to inactivation even 
at high temperatures.23,26 The extraction procedure utilizing EA1 developed by ZyGEM 
and commercialized as forensicGEM® (ZyGEM, Hamilton, New Zealand) is ideal for use 
with forensic samples since it occurs in a closed system and does not require any transfer 
steps, reducing contamination risk as well as minimizing sample loss. As for downstream 
processing, Moss et. al. demonstrated that the extraction procedure utilizing EA1 was 
better or as effective as a Chelex or phenol chloroform extraction, making it suitable for 
forensic casework.23,25 However, EA1 was unable to release DNA from sperm cells 
rendering it unusable for use as the primary enzyme in a differential extraction procedure 
but this inability would make it ideal for preferentially lysing epithelial cells, leaving the 
sperm cells intact.23 
 With EA1 identified as a promising enzyme for preferential lysis of e-cells, more 
research was required to determine which enzyme would be best suited for the sperm 
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lysis step of the differential extraction. Work completed by Fisher identified a promising 
serine protease, Trypsin, for this role. Fisher compared which peptide bonds would be 
cleaved by EA1, PK and Trypsin along protamines P1, P2a and P2b to see which enzyme 
was best suited for sperm cell lysis. EA1 cleaved bonds at two locations along the 
protamines and PK cleaved at 18 locations. It had previously been discovered that 
Trypsin cleaves peptide bonds at arginine and lysine residues within proteins, making it 
an ideal enzyme to cut these arginine and lysine rich protamines.27 Fisher determined that 
Trypsin would cleave the protamines at 59 locations, dramatically higher than the other 
two enzymes tested.28 
1.5.3 Trypsin-ZyGEM Extraction 
 The findings on EA1 and trypsin as ideal enzymes for preferential lysis led to the 
development of a novel dual-enzyme differential extraction method by Fisher, called the 
Trypsin-ZyGEM extraction.28 The technique involves adding the components of the 
forensicGEM® kit to the sample of interest. After the incubation steps are completed and 
the enzyme is inactivated, the supernatant is transferred to a new tube as the NSF. The 
remaining pellet is resuspended and trypsin is added. After the incubation steps are 
completed, the forensicGEM® components are added to the tube and incubated which 
will produce the SF. Both fractions can then proceed to quantification, amplification and 




Figure 2: Trypsin-ZyGEM extraction procedural steps.28,29 The mixture sample is combined 
with forensicGEM and Buffer Blue. A 15 minute incubation at 75°C activates the EA1 enzyme 
which is then inactivated by a second incubation for 5 minutes at 95°C. The e-cells are 
preferentially lysed and the sample is spun down in a centrifuge. Intact sperm cells remain 
pelleted at the bottom of the tube allowing for separation of the two fractions. The NSF 
supernatant is removed and Tryspin is added to lyse the sperm cells. The sample is incubated at 
37°C for 1 hour to active the Trypsin followed by a 10 minute, 70°C incubation to deactivate the 
enzyme. Buffer Blue and forensicGEM are again added and the sample undergoes the same 
incubation times at 75°C and 95°C completing the extraction. 
 
1.5.4 Previous Research 
 Research by Fisher proved to have extremely promising results on the Trypsin-
ZyGEM differential extraction technique. It was found that this extraction method took 
much less time to complete and produced higher yields of DNA compared to the Qiagen 
method. After quantification, it was clear that there was very minimal, if any, sperm cell 
lysis by EA1 which supported the findings described by Moss et. al.23 Downstream 
analysis of electropherograms showed that the profiles obtained were comparable to 
those samples extracted with Qiagen QIAamp® columns (Qiagen, Hilden, Germany). 
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Although the average peak height for samples extracted with the Trypsin-ZyGEM 
protocol were lower than those extracted with Qiagen, the peak height ratios were still 
comparable and the profiles were of high quality.28 
 Further research by Cassis examined the effectiveness of this extraction procedure 
on dried semen samples collected on various substrates. In comparison to the Qiagen 
extraction, the Trypsin-ZyGEM was able to extract more DNA from dried semen stains, 
dried stains on white fabric and from the aqueous samples that were used as controls in 
the experiment.30 Quantification values for semen stains on denim fabric were not 
obtained for samples extracted using the Trypsin-ZyGEM method, most likely due to 
inhibition caused by the indigo dye in the denim. Although quantification values were 
obtained for the samples on denim extracted using Qiagen, the Trypsin-ZyGEM method 
was concluded to be more efficient at extracting DNA from the non-denim semen 
samples. For sexual assault evidence, the majority of samples analyzed would be dried so 
it is important to ensure that the Trypsin-ZyGEM extraction would be effective on these 
types of samples. 
1.6 Objective 
 The objective of this project was to continue processing the various semen 
samples used for the research by Cassis to compare the downstream profile quality of 
samples extracted using the Trypsin-ZyGEM method versus the Qiagen extracted 
samples. Samples were processed through amplification and separated by size using 
capillary electrophoresis to obtain a profile for each sample. Peak heights and peak height 
ratios were then examined to determine if samples extracted using the Trypsin-ZyGEM 
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method produced comparable STR profiles to those samples extracted with Qiagen. The 
overall question was to determine if the Trypsin-ZyGEM extraction would be suitable as 
a standard extraction procedure for dried semen samples in forensic laboratories. 
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2. MATERIALS AND METHODS 
2.1 Sampling 
 Sample extracts for this study were obtained from the experiments performed by 
Cassis comparing the DNA yield from two extraction procedures for sperm. Sets of 
semen samples were prepared either dried in tubes, dried on white cotton fabric or dried 
on denim fabric. Aqueous semen samples were also prepared as controls. All samples 
were prepared according to Cassis’ specifications, using 2 microliters (µL) of a 1:40 
dilution of human semen.30 A subset of each sample type was then extracted using the 
Trypsin-ZyGEM protocol or the sperm lysis steps of the Qiagen differential extraction 
protocol. A comparison outline of the procedural steps of these two extraction techniques 
is detailed in Figure 3.  
 
Figure 3. Procedure outlines for Trypsin-ZyGEM extraction and modified Qiagen 
extraction.18,30 Steps for the Trypsin-ZyGEM extraction are listed on the left side of the outline 
while the modified Qiagen extraction steps are listed on the right side.  
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Quantification was then performed by Cassis using the Quantifiler® Duo DNA 
Quantification Kit (Applied Biosystems®, Foster City, CA) using a 7500 real-time PCR 
System to determine the sample concentration in nanograms (ng) per microliter.31 For 
this project 54 extracts that had been processed using the Trypsin-ZyGEM protocol were 
selected for further processing. Twenty samples that had been extracted using the Qiagen 
protocol were also selected for comparison purposes for further processing.  
During this project these 20 Qiagen samples, as well as a subset of 20 Trypsin-
ZyGEM samples, were quantified during a second round of quantification a few days 
prior or on the day of amplification. DNA concentrations were determined in either 
duplicate or triplicate. The previous round of quantification had been completed 
approximately six months prior but the second round was completed to ensure that the 
concentrations were as accurate as possible so these samples could be used to compare 
profile quality. In order for this comparison to be the most valuable, the target masses of 
these samples would have to be normalized to the same amount. With more recent 
quantification data, the concentrations used to obtain the target mass would be the most 
accurate and would yield the best data to use for comparisons. 
2.2 Sample Preparations 
2.2.1 Extract Dilutions 
 DNA samples were diluted to a standard concentration to ensure that comparable 
amounts of each sample would be added to each amplification reaction. Calculations 
were completed to determine the volume of extracted sample and Tris-
ethylenediaminetetraacetic acid (TE) buffer (10 millimolar (mM) Tris, pH 8.0, and 
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0.1mM EDTA) necessary to obtain standard concentrations of 1ng, 0.5ng or 0.25ng of 
DNA. A summary of all of the dilutions prepared is shown in Table 1. For the 54 
Trypsin-ZyGEM extracts, the appropriate amounts of sample and TE buffer were used to 
obtain a DNA concentration of 0.1ng/µL and were added to freshly labeled 1.5 milliliter 
(mL) LoBind microcentrifuge tubes. Based on the concentrations obtained from 
quantification, similar calculations were performed to determine how much DNA and TE 
buffer would be added for the Qiagen extracted samples. Thirteen sample dilutions for 
Qiagen extracts were prepared at a concentration of 0.05ng/µL and the remaining 7 
sample dilutions for Qiagen extracts were prepared at a concentration of 0.025ng/µL. A 
random subset of 20 Trypsin-ZyGEM extracts was selected for comparison to the Qiagen 
samples. Similar to the Qiagen samples selected, 13 sample dilutions of this subset were 
prepared at a concentration of 0.05ng/µL and another 7 sample dilutions were prepared at 
a concentration of 0.025ng/µL. Both subsets contained samples from the variety of 
substrate types examined in this project.  
Table 1. Sample preparation summary. The number of sample dilutions prepared is listed for 
each concentration and sorted by substrate and extraction method.  
 0.1 ng/µL 0.05 ng/µL 0.025 ng/µL Total Number of Samples 
Trypsin-
ZyGEM 
Aqueous 18 3 4 25 
Denim 3 - 3 6 
Dried 18 6 1 25 
White Fabric 18 4 2 24 
Total Trypsin-ZyGEM 57 13 10 80 
Qiagen 
Aqueous - 7 1 8 
Denim - - 2 2 
Dried - 4 2 6 
White Fabric - 2 2 4 




2.2.2 Denim Sample Preparations 
 Quantification data was not obtained by Cassis for denim samples that were 
extracted with the Trypsin-ZyGEM protocol. The Trypsin-ZyGEM protocol is a direct 
lysis extraction processed in a single tube, meaning that no contaminants are removed 
from the sample. It was hypothesized that the lack of quantification results were caused 
by inhibition of the qPCR by the indigo dye from the denim substrate since no CT values 
were obtained for the internal positive controls (IPCs) of the denim samples.30 However, 
this substrate was still important to examine for downstream PCR data quality and 
inhibition. In order to prepare denim samples for amplification, an average concentration 
of DNA was calculated from the concentrations obtained across all of the Trypsin-
ZyGEM extracts. This value was used as the assumption of how much DNA was 
extracted from the denim samples. Similar to the other samples, calculations were 
performed using this assumed DNA concentration to determine how much sample and 
TE buffer would be necessary to dilute the sample to 0.1ng/µL and 0.025ng/µL. Three 
denim extracts were diluted to these concentrations and all six aliquots proceeded to 
amplification. 
2.3 Amplification 
 All of the prepared sample dilutions were amplified using the AmpFℓSTR® 
Identifiler® Plus PCR Amplification Kit (Applied Biosystems, Foster City, CA). The 
AmpFℓSTR® Identifilier® Plus PCR Amplification Kit User Manual was referred to for 
all reagent and sample preparation steps.32 Based on the concentrations of the prepared 
diluted samples, 1 ng, 0.5 ng or 0.25 ng was the target mass of each reaction. The 
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GeneAmp® PCR System 9700 (Applied Biosystems, Foster City, CA) was utilized to 
perform the cycling steps of the amplification. The recommended incubations by the 
Identifiler® Plus User Manual are detailed in Table 2. 
Table 2. Amplification conditions for AmpFℓSTR® Identifilier® Plus. Recommended 
incubation times and temperatures as specified by the Identifilier® User Guide for 28 cycles of 
amplification. 
Step Temperature Time 
1 95°C 11 minutes 
2 94°C 20 seconds 
3 59°C 3 minutes 
Repeat steps 2 & 3 for 28 cycles 
4 60°C 10 minutes 
5 4°C Hold 
  
2.4 Capillary Electrophoresis & Analysis 
Amplified samples were separated by capillary electrophoresis. Samples were run 
on a 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA) using the polymer 
POP-4 and were injected for 5 seconds each. All reagent and sample preparations were 
completed following the AmpFℓSTR® Identifilier® Plus PCR Amplification Kit User 
Manual.32 Allelic ladders were incorporated into the run as well as both a positive and a 
negative control. The data obtained from the run was analyzed using GeneMapper® ID 
v3.2 software (Applied Biosystems, Foster City, CA). An analytical threshold of 30 
relative fluorescence units (RFU) was used for all samples. Artifacts were removed from 
the profiles prior to any comparisons. Statistical analysis of the data was performed using 
JMP Pro v.12.1 (SAS Institute, Cary, NC) software. 
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3. RESULTS AND DISCUSSION  
 As mentioned previously, differential extraction is an important extraction method 
used on forensic sexual assault samples. Many research projects and studies have been 
dedicated to determine the best buffers, incubations and specific methods that most 
efficiently perform this fundamental process. As demonstrated by both Fisher and Cassis, 
the Trypsin-ZyGEM extraction is a very efficient protocol for extracting DNA. Fisher’s 
research demonstrated that downstream profile quality was comparable between samples 
that had been extracted with the Trypsin-ZyGEM protocol and the Qiagen protocol.28 The 
research performed by Cassis found that the Trypsin-ZyGEM extraction obtained higher 
yields of DNA for liquid samples, samples dried in tubes and dried semen on white 
cotton fabric compared to samples extracted using Qiagen across all substrate types.30 
The purpose of this project was to determine if the samples used by Cassis would exhibit 
similar downstream data quality, as seen in Fisher’s experiment, with novel extraction 
techniques and various substrates. Specifically, peak heights and peak height ratios are 
examined in depth to ensure that similar ratios are obtained across all samples. Allelic 
dropout across the sample types and extraction procedures was also considered. 
3.1 Profile Examination of Trypsin-ZyGEM Extracts 
Samples that had been extracted using the Trypsin-ZyGEM protocol were 
examined first. Fifty-four of those samples were chosen for STR processing. This subset 
was chosen by selecting 18 samples of each sample type, except for semen dried on 
denim. For each of these 54 samples, a 30uL dilution of the DNA in TE was calculated to 
obtain a concentration of 0.1ng/µL for each sample. A 10µL aliquot of each of these 
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dilutions was used as the input material for amplification. All samples were carried 
through capillary electrophoresis and the resulting profiles were interpreted. Full STR 
profiles were obtained for all 54 samples examined. An example of one of these STR 
profiles is shown in Figure 4. Stutter artifacts were seen in all samples at most loci. 
Spectral pull-up was also seen in the vast majority of samples due to the high peak 
heights observed. In the context of this experiment, these artifacts were easy to identify 
since the profiles were known to have come from a single contributor.  
 
Figure 4. STR profile of sample extracted using Trypsin-ZyGEM extraction procedure. An 
analytical threshold of 30 RFU was used in the GeneMapper ID v3.2 software to analyze this 
profile. This profile was generated from a sample amplified at a target mass of 1ng and was 
injected for 5 seconds in the 3130 Genetic Analyzer. 
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The first variable that was examined for these samples was peak height. The 
average peak height of 2652 RFU was determined using all 15 loci. Figure 5 illustrates a 
breakdown of average peak height by substrate type. Aqueous samples, dried samples 
and white fabric samples were found to have average peak heights of 3042, 3036 and 
1988 RFU respectively. From this data, it can be concluded that the aqueous control 
samples and dried samples are the most similar of the three substrates when considering 
peak heights. Due to the controlled manner of this experiment amplifying at the same 
target amount for all substrates, the variation in peak height could indicate some possible 
damage caused to samples based on the substrate they are deposited on. The average 
cycle threshold (CT) value of the IPCs for the white fabric samples was 28.99 and was 
similar to the average CT values of 28.84 and 28.79 for the aqueous and dried samples 
respectively. Due to the similarity of these three values, the possibility of the white fabric 
samples being inhibited compared to the others is refuted. In this case, it could be argued 
that the white fabric samples may have more inherent damage compared to the aqueous 
and dried samples. Although the white fabric samples had a lower average peak height 
compared to the other two substrates, the peak heights would still be considered of high 
quality for forensic casework purposes. 
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Figure 5. Average peak height by substrate type. Averages were determined using data from 
54 Trypsin-ZyGEM samples, 18 of each substrate type, amplified at a target mass of 1ng. Error 
bars were created using one standard deviation from the mean. 
 
Peak height ratios (PHR) are the second metric used to assess the quality of the 
profiles that were obtained. The PHRs were calculated at the 13 heterozygous loci 
(excluding homozygous loci and the Amelogenin locus). For all 54 of the targeted 1ng 
samples, a PHR of at least 65% was obtained. Figure 6 shows a more detailed view of 
PHRs split by substrate type. Aqueous samples, dried samples and white fabric samples 
were found to have an average PHR of 93%, 92% and 91% respectively. The averages 
are all very close together indicating a similar level of quality with some variation based 
on substrate type. Although there were some differences in peak height, all three 
substrate types demonstrate similar downstream profile quality by having PHRs that are 
both high, consistent and would be considered of high forensic quality.  
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Figure 6. Peak height ratio by substrate type. Peak height ratios for each locus are plotted by 
substrate type. The PHRs were determined at 13 heterozygous loci for all 54 Trypsin-ZyGEM 
samples, 18 of each substrate type, amplified at a target mass of 1ng. The green bar represents the 
mean of each set and the standard deviation is depicted in blue. 
 
3.2 Quantification Data for Comparison Samples 
 A subset of 20 Qiagen and 20 Trypsin-ZyGEM samples were chosen to use for 
comparison of the two extraction methods and these samples were quantified just prior to 
being amplified to obtain the most accurate concentration value possible. The second 
round of quantification showed slight changes in concentration when compared to the 
previous concentration data on the individual sample level. These do not seem to be 
significant when looking at the overall data however (see Table 3). The average for each 
series of quantification falls within one standard deviation of the mean for the other 
indicating that the values are not significantly different. Overall, this indicated that the 
concentrations found by Cassis were comparable to those run immediately before 
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amplification. The values determined most recently were used to create the sample 
dilutions for the comparison samples to be processed through amplification. 
Table 3. Average concentration of comparison samples by extraction type.30 The average 
concentration in ng/µL for each subset of 20 samples is presented and split by each instance of 
quantification. Standard deviations are presented in parenthesis. 
 First Quantification Second Quantification 
Qiagen 0.076 (0.035) 0.054 (0.038) 
Trypsin-ZyGEM 0.424 (0.126) 0.402 (0.173) 
 
3.3 Comparison of Downstream Data for Qiagen® and Trypsin-ZyGEM Samples 
Determining whether the Trypsin-ZyGEM extraction procedure can produce 
profiles without any negative impacts is important to validate the use of this novel 
protocol on dried semen samples. However, it is equally important to compare the quality 
of the profiles obtained and determine if profile quality is as good as that produced by 
extraction procedures that have already been validated for forensic purposes. To this 
point, Qiagen® and Trypsin-ZyGEM extraction methods were examined and compared.  
A 30uL dilution was prepared at a concentration of 0.05ng/µL for 13 Qiagen 
samples selected for comparison. Similar dilutions were created for an additional 7 
Qiagen samples at a concentration of 0.025ng/µL. Dilutions were created for the subset 
of Trypsin-ZyGEM samples as well, with 13 dilutions being made at a concentration of 
0.05ng/µL and 7 made at a concentration of 0.025ng/µL. For amplification, a 10µL 
aliquot of these dilutions was used. All samples were carried through capillary 
electrophoresis, using 5 second injections, and the resulting profiles were interpreted. Full 
STR profiles were obtained for all samples at both target masses. No instances of drop 
out were observed for either sample set. Stutter artifacts were seen in some samples but 
were very easy to identify. Spectral pull-up was rare and only seen in a few samples at 
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one or two loci. Compared to those samples amplified to a target mass of 1ng, there were 
far fewer artifacts skewing the interpretation. A profile example is presented for one 
Trypsin-ZyGEM sample amplified at a target mass of 0.5ng (Figure 7) and one Trypsin-
ZyGEM sample amplified at a target mass of 0.25ng (Figure 8). As expected, the peak 
heights for the sample amplified at 0.25ng are lower compared to the sample amplified at 
0.5ng. 
 
Figure 7. Profile of a Trypsin-ZyGEM sample amplified at a target mass of 0.5ng. The blue 
and green channels of this STR profile are displayed. An analytical threshold of 30 RFU was used 
in the GeneMapper ID v3.2 software to analyze this profile. This profile was generated from a 




Figure 8. Profile of a Trypsin-ZyGEM sample amplified at a target mass of 0.25ng. The blue 
and green channels of this STR profile are displayed. An analytical threshold of 30 RFU was used 
in the GeneMapper ID v3.2 software to analyze this profile. This profile was generated from a 
sample that was injected for 5 seconds in the 3130 Genetic Analyzer. 
 
 Data was compiled for all of the Trypsin-ZyGEM and Qiagen comparison 
samples and average peak heights were compared to assess profile quality. The calculated 
average peak heights displayed in Figure 9 are sorted by both extraction method and 
amount amplified. The average peak height for Qiagen and Trypsin-ZyGEM samples 
amplified at a target mass of 0.25ng was found to be 282 RFU and 361 RFU respectively. 
At the target mass of 0.5ng, Qiagen samples had an average peak height of 593 RFU 
while Trypsin-ZyGEM samples had an average of 606 RFU. These average peak heights 
are considered comparable for both amplification targets. The means are not significantly 
different as they both fall within one standard deviation of the other subset’s mean.  
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Figure 9. Average peak height by extraction method and amplification amount. Average 
peak heights were calculated for 13 Qiagen and 13 Trypsin-ZyGEM samples amplified at a target 
mass of 0.5ng and 7 Qiagen and 7 Trypsin-ZyGEM samples amplified at a target mass of 0.25ng. 
Error bars were created using one standard deviation from the mean. 
 
Peak height ratios were also examined during the comparison phase of analysis. 
The PHRs were calculated in a similar manner to those calculated for the 1ng Trypsin-
ZyGEM samples. Figure 10 displays all of the PHR data split by extraction method. By 
looking at this data, it can be seen that the PHRs of the Trypsin-ZyGEM samples are 
trending slightly higher than the Qiagen samples. The Qiagen subset also has more 
outliers falling farther below the average PHR compared to the Trypsin-ZyGEM subset. 
The average PHR for samples extracted using Qiagen was 83%. For samples extracted 
using Trypsin-ZyGEM, the average PHR was 86%. A t-test was performed to determine 
if the PHRs for these extraction methods are considered statistically different even though 
the average PHRs seem similar. A t-test was performed on this data using a 98% 
confidence interval and a p-value of 0.016 was obtained. This indicates that the two 
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extraction methods are significantly different and the Trypsin-ZyGEM extraction 
procedure produced PHRs that are statistically higher than those obtained using the 
Qiagen extraction procedure. This metric supports that these two extraction methods 
exhibit similar quality when considering PHR but samples extracted using Trypsin-
ZyGEM have higher PHRs on average.  
 
Figure 10. Peak height ratio by extraction method. Peak height ratios calculated for 13 
heterozygous loci are plotted by extraction method. The PHRs were determined for 20 Qiagen 
and 20 Trypsin-ZyGEM samples. The green bars represent the means of each set with the 
standard deviation labeled in blue. 
 
 One additional comparison was made on this subset of samples to see if the two 
extraction methods produced similar peak height balance. The smaller molecular weight 
peak was plotted by the larger molecular weight peak to examine this variable. One plot 
(Figure 11) was created for the Trypsin-ZyGEM extracted samples and another plot 
(Figure 12) was made for the Qiagen extracted samples. A best-fit line was added to each 
plot and the slope of each was compared. Ideally, if the peak heights were perfectly 
balanced, the slope of the line would be 1, or extremely close to 1. The Qiagen samples 
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have a slightly larger spread across the plot compared to the Trypsin-ZyGEM samples 
but the lines appear to be similar. For the Trypsin-ZyGEM samples, the slope of the best-
fit line is 0.908 and the slope of the best-fit line for the Qiagen samples is 0.909. These 
values are very similar and indicate that the peak height balance for both extraction 
methods is comparable. The R2 values, a measure of how close the plotted lines fit the 
data, for the Trypsin-ZyGEM and Qiagen samples are 0.798 and 0.797 respectively. This 
further supports that the peak height balance is comparable since the R2 indicate a similar 
measure of fit.  
 
Figure 11. Peak height balance of Trypsin-ZyGEM samples. Peak heights are plotted for 20 
Trypsin-ZyGEM extracted samples and fitted with a best-fit line. The slope of the line is 0.908 




Figure 12. Peak height balance of Qiagen samples. Peak heights are plotted for 20 Qiagen 
samples and fitted with a best-fit line. The slope of the line is 0.909 and has an R2 value of 0.797. 
 
3.4 Interpretation of Profiles for Denim Samples 
A set of three Trypsin-ZyGEM denim samples was chosen to process beyond 
quantification, even though concentration values were not obtained for these samples due 
to the inhibition of the qPCR reaction. For purposes of this comparison, it was assumed 
that approximately the same amount of DNA had been extracted from the denim 
substrate as from the other samples that had been processed using the Trypsin-ZyGEM 
extraction since all samples had the same amount of sperm dilution when they were 
prepared. The average concentration of all samples extracted using this protocol was 
determined to be 0.412ng/µL. This value was used as the assumed concentration for each 
of the denim samples chosen to proceed to amplification. The three samples were 
amplified in duplicate, once to a target mass of 1ng and once to a target mass of 0.25ng. 
These denim samples were also compared to 2 Qiagen denim samples that had been 
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amplified. No Qiagen samples were amplified to the target mass of 1ng because their 
concentrations were too low to reach that target. 
Allelic dropout can cause analysts to misinterpret the number of contributors in a 
sample. Therefore, the presence of allelic dropout was taken into consideration when 
assessing the quality of these profiles. Full STR profiles were obtained for all 3 samples 
that were amplified to a target mass of 1ng. An example of a full STR profile obtained 
from a denim sample is shown in Figure 13. One of the samples amplified to a target 
mass of 0.25ng also produced a full STR profile. In the case of the other two profiles at 
0.25ng, there were varying degrees of dropout. Three dropout alleles were noted out of 
26 total alleles in one profile and 11 dropout alleles out of 26 were noted in the other. An 
example from a profile with dropout is shown in Figure 14. Eight alleles have dropped 
out of this profile and fallen below the analytical threshold, leading to locus dropout at 3 
out of the 9 loci pictured. It should also be noted that this sample has unexpected peaks at 
3 of the loci pictured: CSF1PO, TH01 and D13S317. These peaks were not spectral pull-
up from the one of the other channels and seem too high to be considered a stutter 
artifact. This indicates that there could be some level of contamination within this sample 
in particular since these peaks were not seen in other profiles from denim samples at the 
same amplification amount. 
37 
 
Figure 13. STR profile of denim sample extracted with Trypsin-ZyGEM extraction 
procedure. Analytical threshold of 30 RFU was used in the GeneMapper ID v3.2 software to 
analyze this profile. This profile was generated from a denim sample amplified at a target mass of 
1ng and was injected for 5 seconds in the 3130 Genetic Analyzer. 
 
 
Figure 14. Denim sample amplified at 0.25ng exhibiting signs of allelic dropout. The blue and 
green channels of this STR profile are displayed. An analytical threshold of 30 RFU was used in 
the GeneMapper ID v3.2 software to analyze this profile. This profile was generated from a 
sample that was injected for 5 seconds in the 3130 Genetic Analyzer. 
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Peak heights of the denim samples extracted using the Trypsin-ZyGEM protocol 
were examined as well. The peak height data for the six denim samples was compiled and 
is presented in Figure 15. As expected, the samples amplified at a target of 0.25ng have a 
lower average peak height compared to those amplified at 1ng. Samples amplified at a 
target mass of 1ng and 0.25ng had average peak heights of 234 RFU and 84.6 RFU 
respectively. 
 
Figure 15. Average peak height by amplification amount. Average peak heights were 
calculated for 3 denim samples amplified at a target mass of 1ng and 3 denim samples amplified 
at a target mass of 0.25ng. All samples were extracted using the Trypsin-ZyGEM protocol. Error 
bars were created using one standard deviation from the mean. 
 
Peak height ratios were the final variable used to assess the quality of the denim 
sample profiles. First the PHRs were calculated for the 6 denim samples that had been 
amplified using the Trypsin-ZyGEM protocol. These were calculated for the 13 
heterozygous loci, excluding homozygous loci and the Amelogenin locus. Any peaks that 
dropped out were automatically assigned a peak height of 15 RFU to account for the drop 
out peaks in the data representation. The PHR data is presented in Figure 16. The average 
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PHR for samples amplified at a target mass of 0.25ng was 62% and the average PHR for 
samples amplified at a target mass of 1ng was 80%. The PHRs for the samples amplified 
at the lower target mass have a wider variation of PHRs compared to those amplified at 
1ng. This could be due to the allelic dropout that was seen in some of these profiles.  
 
Figure 16. Peak height ratio of denim samples by amplification amount. Peak height ratios 
for 3 Trypsin-ZyGEM samples amplified at a target mass of 0.25ng and 3 Trypsin-ZyGEM 
samples amplified at a target mass of 1ng are represented. The green bars represent the mean of 
each set with the standard deviation labeled in blue. 
 
Another comparison made to assess the quality of the denim samples was to 
examine the PHRs of those samples extracted using Qiagen compared to the Trypsin-
ZyGEM samples amplified at the same target mass. Two Qiagen denim samples 
amplified at a target mass of 0.25ng were used for this comparison since no Qiagen 
denim samples were amplified at a mass of 1ng. Full profiles were obtained for both of 
these denim samples. The PHRs were calculated in a similar manner to other 
comparisons, only taking into account the 13 heterozygous loci excluding the 
Amelogenin locus. The average PHR for Qiagen extracted samples was 77% whereas the 
40 
average PHR for Trypsin-ZyGEM extracted samples was 62%. This data is presented in 
Figure 17. The sample size for this comparison was relatively low compared to the other 
comparisons made in this experiment. The variation between average PHRs was large, 
with the Qiagen samples performing better than the Trypsin-ZyGEM samples. A t-test 
was performed on this data using a 98% confidence interval and a p-value of 0.006 was 
obtained. This indicates that the two extraction methods are significantly different and the 
Qiagen extraction procedure produced PHRs that are statistically higher than those 
obtained using the Trypsin-ZyGEM extraction procedure for this subset of denim 
samples. Denim samples extracted with the Trypsin-ZyGEM protocol were completely 
inhibited during qPCR whereas the Qiagen samples were not and had an average CT 
value of 29.02. The differences in inhibition between the two subsets at qPCR most likely 
affected the PHRs of the samples. 
 
Figure 17. Peak height ratio of denim samples by extraction method. Peak height ratios for 2 
Qiagen samples and 3 Trypsin-ZyGEM samples amplified to a target mass of 0.25ng are 





3.5 Comparison of Substrate Types 
The final examination completed in this experiment was comparing the data 
quality by substrate type for each of the extraction procedures to see if certain substrate 
types performed better than others. To show that the Trypsin-ZyGEM protocol works as 
effectively as Qiagen, it should be demonstrated that average peak heights and PHRs are 
as good or better for each substrate type examined in this experiment. First, peak heights 
were examined by substrate type. To ensure that the best comparison was made, the data 
was grouped by substrate type, extraction method and amplification amount and 
illustrated in Figure 18. For samples amplified at 0.25ng, average peak heights varied 
between aqueous, denim, dried and white fabric samples between the two extraction 
types. Smaller degrees of variation were seen between the substrate types at 0.5ng. All of 
the peak height averages are presented in Table 4 along with standard deviations and 
sample size. Denim samples are not represented at the amplification amount of 0.5ng 
because no samples were run at that target mass. Overall, the substrate types seem 
comparable when considering average peak height between the two extraction methods. 
The only substrate type that seems remarkably different is the denim. As mentioned 
during the denim comparisons, this could be due to the fact that the qPCR reactions of the 
Qiagen samples were not as inhibited as the Trypsin-ZyGEM reactions. 
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Figure 18. Average peak height by substrate, extraction method and amplification amount. 
Average peak heights were calculated for 13 Qiagen and 13 Trypsin-ZyGEM samples amplified 
at a target mass of 0.5ng and 7 Qiagen and 10 Trypsin-ZyGEM samples amplified at 0.25ng. All 
of this information is sorted by substrate type. 
 
Table 4. Average peak heights of comparison samples by substrate type. Average peak 
height, standard deviation and number of samples are presented for each substrate type by 
amplification amount and extraction method. 
Amp 
Amount 
 Aqueous Denim Dried White Fabric 
PH SD n PH SD n PH SD n PH SD n 
0.25ng Qiagen 345 113 1 240 112 2 381 188 2 196 68.1 2 
Trypsin-
ZyGEM 
350 161 4 79.5 48.1 3 457 141 1 333 102 2 
0.5ng Qiagen 608 251 7 - - - 567 239 4 597 239 2 
Trypsin-
ZyGEM 
591 201 3 - - - 676 244 6 512 183 4 
 
Peak height ratios were also examined to see if substrate type had any effect on 
the PHRs that were obtained. Peak height ratio data is presented in Figure 19. For Qiagen 
samples, average PHRs did not exhibit large variation between the aqueous (84%), denim 
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(77%), dried (82%) and white fabric (84%) substrates. For the Trypsin-ZyGEM samples, 
similar differences were seen with aqueous, denim, dried and white cotton substrates 
having average PHRs of 84%, 62%, 88% and 86% respectively. For both extraction 
methods, denim samples had the lowest average PHR.  
 
Figure 19. Peak height ratios across all substrate types sorted by extraction method. Peak 
height ratios for 23 Trypsin-ZyGEM samples and 20 Qiagen samples are represented.  
 
 From this PHR data, it can be seen that the largest differences are seen with 
samples deposited on denim. The larger average PHR for Qiagen denim samples could be 
attributed to the fact that the Qiagen samples were not as affected by PCR inhibitors as 
the Trypsin-ZyGEM samples during quantification. With all of this information, it can be 
concluded that the Trypsin-ZyGEM extraction is affected by PCR inhibitors in denim, 
but forensically relevant profiles can still be obtained. 
The combination of all results found for peak heights and PHRs indicates that the 
Trypsin-ZyGEM extraction can be utilized in a forensic STR typing workflow, 
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specifically with semen samples that have been dried on various substrates. Profile 
quality was determined to be comparable for aqueous, dried and white cotton substrates. 
Denim samples had slightly lower peak heights and PHRs on average, but data for these 
samples would still be considered valuable in forensic casework. Extraction recovery was 
much higher for this extraction procedure compared to Qiagen and downstream results 
proved to be within acceptable standards. Trypsin-ZyGEM extracted samples had 
comparable peak heights and PHRs when compared to Qiagen samples indicating that 
downstream profile quality is not affected by this extraction technique. It is important to 
note that this finding is based on single source semen samples and that mixture samples 
of e-cells and semen were not examined in the scope of this research. 
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4. CONCLUSIONS AND FUTURE DIRECTIONS 
Samples extracted with the Trypsin-ZyGEM protocol produced quality STR 
profiles when amplified at a target mass of 1ng. Peak heights for these samples were 
extremely high and consistent for both aqueous and dried semen samples. Samples dried 
on white fabric had a slightly lower peak height average in comparison but still produced 
a peak height average of 1988 RFU, which is much higher than necessary to produce 
forensically relevant profiles. Peak height ratios across all three substrates were 
comparable and nearly identical when considering the averages. With average PHRs 
above 90% for all substrate types and the lowest PHR being 65%, the data shows that the 
peak heights were very balanced for these samples. Since peak height imbalance can 
misrepresent the number of contributors in a mixture profile and make interpretation 
more difficult, the balance seen with these samples is a favorable measure of quality 
related to this extraction technique. Artifacts such as stutter and spectral pull-up were 
very common among these samples. Although these artifacts were easy to interpret in the 
context of a single source profile and can be reduced by amplifying less DNA, it is 
important to recognize that they could impede accurate interpretation if seen in the profile 
of an unknown casework sample. 
Samples extracted using the Trypsin-ZyGEM protocol also produced comparable 
profiles in relation to samples extracted with the Qiagen protocol at the same target mass. 
Average peak heights were found to be similar for both extraction types at target masses 
of 0.5ng and 0.25ng. Obtaining similar peak heights across both extraction procedures 
indicates that both produce comparable downstream data. Peak height ratios were also 
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concluded to be similar for both extraction techniques since the average PHR varied 
between 83% for Qiagen samples and 86% for Trypsin-ZyGEM samples. The Trypsin-
ZyGEM method produced PHR that were found to be statistically different compared to 
Qiagen and the PHRs from the Trypsin-ZyGEM samples are statistically higher than the 
Qiagen PHRs. This further supports that the Trypsin-ZyGEM extraction could be used on 
dried semen samples and produce profiles that are as good of quality, or possibly slightly 
better, as those extracted with Qiagen. 
Semen stains dried on denim were also processed in this experiment and found to 
produce quality STR profiles. Even though the qPCR had been inhibited for samples of 
this substrate type, the amplification of the STR loci, though slightly inhibited, still 
produced probative data. This finding could have future implications on casework since it 
may be worthwhile to continue processing samples deposited on denim, even if 
concentrations values are not obtained during qPCR.  
 Overall, this research supported that the Trypsin-ZyGEM extraction is an efficient 
method for extracting DNA from dried semen samples and has no negative quality effects 
on STR profiles. More research needs to be conducted on this extraction to understand if 
similar findings would be reached with mixture samples as opposed to single source 
semen samples. It should also be applied to samples that best represent those samples 
seen in casework, with variable amounts of e-cells and semen to understand if it works as 
well when e-cells are in excess. Research should also be conducted to improve the 
quantification of denim samples and decrease the inhibition of these reactions. With those 
improvements, concentration values can be obtained allowing amplification to be 
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performed at a more accurate target mass. This would also increase the quality of the 
profiles by ensuring that samples are amplified at a target mass high enough to eliminate 
or lessen instances of dropout alleles. 
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